Introduction
Winter wheat varieties acquire their freezing-tolerance by exposure to decreasing 23 temperature over a longer period [1] . The effects of this process, called cold-acclimation, on 24 carbohydrates [2] , amino acids and polyamines [3] , the proteome [4, 5] , the phenolome [6] , 25 3 phytohormones [7, 8] and gene expression [9, 10, 11] have been studied in wheat. These reports 1 suggested that re-programming of metabolism occurs during cold-acclimation leading to 2 reduced growth and development, and activation of defence processes . 3 In addition to cold-hardening, the exposure of winter wheat to a prolonged cold period is 4 also required for transition from the vegetative to the generative developmental stage, while 5 spring wheat does not need such vernalization. At the end of the vegetative/generative 6 transition, flower primordia are in the irreversible double-ridge phase and ready to flower. 7
Since the reproductive meristems in the developing flower primordia are more sensitive to 8 cold than vegetative meristems and organs [10] , the optimal timing of the reproductive 9 development by vernalization is important and ensures that flowers and seeds develop in 10 spring/summer. The key factors in vernalization are the VRN1 genes with different alleles 11 [12] , which were mapped to the long arm of Chr 5 [13] . The Cheyenne (Ch) winter variety 12 contains three homeologous recessive (vrn1) alleles, while the spring wheat Chinese Spring 13 (CS) carries one recessive allele on each chromosomes 5A and 5B and possesses a single 14 vernalization-insensitive dominant allele (Vrn-D1) on Chr 5D. We note here that the 15 CS(Ch5A) substitution line was used to map the Vrn-A1 allele and the freezing tolerance 2 16 locus (Fr-A2) on the long arm of Chr 5A [14] . 17 In wheat, single chromosomes can be transferred from one variety to another using 18 cytogenetic chromosome manipulation techniques, and hence their genetics can be examined 19 in a different and homogeneous genetic background [15] . Previous studies revealed that a 20 substitution line constructed by replacing the 5A chromosomes of the freezing-sensitive CS 21 variety with the corresponding chromosome pair from the freezing-tolerant winter wheat 22
Cheyenne, had a much higher freezing-tolerance than the recipient CS variety [16, 17] but had 23 no change in its spring habit. The enhanced freezing-tolerance of the substitution line 24 CS(Ch5A) was associated with the increased transcription of the Cheyenne CBF (C-repeat 25 7 In this study we examined the effect of one day cold-chock on the chromosome 5A donor 8 winter wheat Cheyenne (Ch), the recipient spring wheat Chinese Spring (CS) variety, which 9 was widely used as a model to create different cytogenetic stocks including single 10 chromosome substitutions [42] , and the CS(Ch5A) substitution line carrying Chr 5A from Ch 11 in a CS background [20] . It was determined previously [21, 43] that the three genotypes 12 display marked difference in their freezing-tolerance ( Supplementary Fig. S1 ). 13 Similarly to the cold-shock treatment described by Monroy et al. [9] , we transferred the 14 plants rapidly from 20 to 4 o C. According to our meteorological data survey, very similar 15 temperature changes (on average 20.9 to 6.2 o C and 21.1 to 5.5 o C, respectively) occured 16 under field conditions on 1,780 days in total in the October-November and March-April 17 sowing/early growth periods for wheat in Hungary in the last 110 years ( Supplementary Fig.  18 S2). This indicates that temperature conditions were quite realistically chosen for the current 19 study. Regarding light conditions, the number of average sunshine hours was slightly higher 20 (6.4 versus 5.1 hours) in the March-April than in the October-November period in the 21 surveyed years, while the photoperiod in Hungary is between short and long day conditions 22
( Supplementary Fig. S2 ). We, therefore, applied the 16/8 hours long photoperiod in our model 23 study, similar to the experimental system used by others [9] . 24 
10
The applied cold-shock induced expression of CBF14, a biomarker gene for 1 cold-treatment of wheat [21] , in all three genotypes in proportion with their 2 freezing-sensitivity/tolerance, although its basal expression in the control plants grown at 20 3 o C was higher in the freezing-tolerant Ch and CS(Ch5A) than in the freezing-sensitive CS 4 genotype ( Supplementary Fig. S1 ). The CBF14 expression data confirmed the 5 freezing-tolerance level of the genotypes and indicated the appropriateness of the cold-shock 6 experiment. 7
Transcriptome changes in response to cold-shock 8
In total, 636 genes with significantly different expression (P < 0.01) between the 9 cold-shocked and control samples and with a minimum of 3-fold treated/control expression 10 ratio (larger than 1.585 or lower than -1.585 in log2 value) were identified (Supplementary 11 Table S2 ). Slightly more up-than down-regulated genes were identified in each genotype 12 ( Fig. 1 ). 13
For the technical validation of the microarray results, the expression ratio of seven genes 14 (about 1% of the differentially regulated genes) was determined by qRT-PCR. A strong 15 positive correlation (R 2 = 0.8297) was found between the microarray and the qRT-PCR 16 expression ratios, confirming the reliability of the microarray results. 17
Both genotype-specific and common genes were found amongst the 636 differentially 18 expressed genes (Fig. 2) . The common genes between the Ch and CS(Ch5A) genotypes might 19 be due to the presence of the Cheyenne 5A chromosomes in both of them. On the other hand, 20 the genes that were only expressed differentially in either CS or CS(Ch5A), might be 21 harboured by their genotype-specific 5A chromosomes. We, therefore, performed a Blast 22 search for the 636 genes in the available wheat chromosome survey sequence database 23 (https://urgi.versailles.inra.fr/blast/blast.php) in order to pick up any 5A chromosome-specific 24 genes. Although we have identified 44 genes that had a hit to Chr 5, of which seven were 25 11 common between CS(Ch5A) and Ch ( Supplementary Table S3 ), none of the 636 genes were 1 exclusively located to Chr 5A (data not shown). 2
The differentially expressed genes were annotated into functional groups using the 3 MapMan software [37] and manual curation. Of the 636 genes, 509 could be assigned into 28 4 functional groups, whereas 127 genes were in the unknown/not assigned/miscellaneous 5 categories ( Supplementary Table S2 ). Functional groups with more than ten annotated genes 6
were Amino acid metabolism, Cell, Cell wall, Development, DNA, Hormone metabolism, 7
Lipid metabolism, Major CHO metabolism, Photosynthesis, Protein, Redox, RNA, Secondary 8 metabolism, Signalling, Stress and Transport ( Fig. 3 ). Using their Arabidopsis thaliana and 9
Oryza sativa japonica orthologues, 243 differentially regulated genes could be annotated to 10 KEGG database pathways ( Supplementary Table S2 ). Some of these groups are described in 11 more detail in the forthcoming sections. 12
Defence genes 13
A number of genes encoding proteins, which defend cells against the primary and 14 secondary effects of cold-shock, for example osmotic (dehydration) and oxidative stresses, 15
were identified in this study as cold-responsive. Supplementary Table S4 ). 22
Six differentially regulated genes encoding chaperones [45] , which aid protein folding, 23
were identified. Four and one of these genes were uniformly up-and down-regulated in all of 24 the genotypes, respectively, while one gene was only up-regulated in the sensitive CS variety 12 ( Supplementary Table S4 ). Cold-regulated plasma membrane proteins, heat-and cold-shock 1 proteins, low-temperature-induced proteins, heat-stress transcription factors and a 2 salt-stress-induced protein were also identified, of which only one, a low-temperature-induced 3 protein gene was down-regulated in each genotype, while all other genes encoding these 4 defence proteins were up-regulated variously amongst the genotypes (Supplementary Table  5 S4). 6
The majority of the eleven genes encoding proteins involved in the biosynthesis of 7 compounds such as chitin, lignin, cutin and wax, which form physical barriers against 8 different stresses, were particularly up-regulated in the tolerant genotypes, although some of 9 them also displayed the same expression in variety CS. ( Supplementary Table S4 ). Thirteen 10 other genes, which were annotated into the Stress MapMan group and might have a role in 11 defence, were also identified as cold-responsive ( Supplementary Table S4 ). 12
Thirteen differentially regulated genes were annotated to the Redox MapMan functional 13 category, and six of these genes had a definite position in the glutathione metabolism 14 pathways ( Supplementary Table S5 ). Three of these genes were up-regulated uniformly in 15 every genotypes, one was up-regulated in the tolerant genotypes, and two were up-regulated 16 in genotype-unspecific fashion. The proteins encoded by these genes defend cells against 17 oxidative stress and maintain cellular homeostasis [46] . 18
Genes in carbohydrate metabolism 19
Plants assure their energy needs and metabolites by photosynthesis and successive 20 pathways, in which a number of genes were identified as cold-responsive in every genotype 21 ( Fig. 4 and Supplementary Table S6 ). Antenna protein genes were mainly down-regulated (in 22 28 cases out of the 33 genotype/gene combinations; in five cases no change was detected), 23
while photosynthesis-associated genes displayed a mixture of up-and down-regulation 24 amongst the genotypes. In C4 carbon fixation, the NADP-ME1 gene (WOC_07957), encoding 25 13 a NADP-dependent malate-dehydrogenase, was up-regulated in the highly freezing-tolerant 1 Ch variety. In the subsequent Calvin-cycle, RuBisCO small and large chain genes were 2 down-regulated in the tolerant genotypes, but their expression did not change in CS. Genes in 3 the downstream Glycolysis/Gluconeogenesis pathway were up-regulated amongst the three 4 genotypes. Finally, α-D-glucose biosynthesis and catabolism genes displayed up-and 5 down-regulation, respectively ( Fig. 4 ). 6
Hormones and hormone metabolism genes 7
Regarding hormones, the levels of abscisic acid, cytokinins, auxins, salicylic acid, 8 jasmonates and their metabolites (34 compounds in total, Supplementary Table S7 ) were 9 determined in the three wheat genotypes in response to one-day cold-shock. Statistical 10 analysis highlighted a number of compounds the levels of which were significantly changed 11 in the cold-treated plants compared to the controls ( Supplementary Table S8 ). In parallel with 12 this, 45 differentially regulated genes were annotated to the MapMan hormone metabolism 13 group ( Supplementary Table S9 ), of which 37 were mapped to pathways in plant hormone 14 biosynthesis (KEGG:01070). The metabolic genes of those hormones, which were not 15 determined in this study, are shown in Supplementary Table S9 , but are not described in 16
details. 17
In ABA biosynthesis, a carotenoid cleavage dioxygenase (CCD4, WOC_02449) and a 18 beta-carotene-3-hydroxylase (BETA-OHASE, WOC_04922) were uniformly down-and 19 up-regulated by cold-shock, respectively, in every genotype ( Fig. 5 and Supplementary Table  20 S9), implying that conversion of β-carotene is shifted from strigol to ABA synthesis. 21
Furthermore, a zeaxanthin epoxidase (ZEP, WOC_11286) and the rate-limiting 9-cis-22 epoxycarotenoid dioxygenase (NCED1, not on the array) were up-regulated in CS(Ch5A) and 23 Ch ( Fig. 5 and Supplementary Fig. S3 ) suggesting that ABA synthesis is enhanced by 24 cold-shock in the tolerant genotypes. Accordingly, we have found that cold-shock 25 up-regulated the level of ABA (C06082) in all of the genotypes, although the change was 1 statistically significant only in the highly freezing-tolerant Cheyenne (Fig. 6 ). The cytochrome 2 P450 8'-hydroxylase gene (CYP707A2, WOC_13199), catalysing the first step of ABA 3 catabolism toward PA and DPA [47], was down-regulated on the array in every genotype (and 4 confirmed by qRT-PCR in lines CS and Ch, Supplementary Fig. S3 ). In parallel, the level of 5 the biologically inactive 8'-hydroxy abscisic acid (C15514), and the downstream ABA 6 catabolites, phaseic acid (PA, C09707), dihydrophaseic acid (DPA, C15971) and neophaseic 7 acid (neo-PA, 91820491), decreased significantly in each genotype (Supplementary Table  8 S8). 9
Cold-shock significantly decreased and increased the total level of active cytokinins 10 (trans-zeatin, C00371; isopentenyl adenine, C04083; dihydrozeatin, C02029; and cis-zeatin, 11 C15545) in the tolerant Cheyenne and the sensitive Chinese Spring varieties, respectively, 12 while no significant change has been detected in the substitution line CS(Ch5A) ( Fig. 6 ). This 13 is consistent with previous results obtained with other spring and winter wheat varieties [7, 8] . 14 Three genes controlling the metabolism of active cytokinins were expressed 15 differentially. CKX7 (WOC_12878), which encodes cytokinin dehydrogenase, the key 16 cytokinin degrading enzyme [48], was down-regulated in variety CS on the array 17 ( Supplementary Table S9 ). S-adenosylmethionine decarboxylases (SAMDCs) are also 18 connected with the metabolism of active cytokinins ( Supplementary Fig. S4 ). The SAMDC1 19 (WOC_01221) and SAMDC2 (WOC_13463) genes were up-regulated by cold in the tolerant 20 and in every genotype, respectively. Up-regulation of the SAMDC1 genes was confirmed by 21 qRT-PCR ( Supplementary Fig. S3 ). Gene IPT8 (it was not present on the array), encoding an 22
isopentenyltransferase, which provides isopentenyl-adenosine-phosphates for the biosynthesis 23 of active cytokinins, thus controlling the inflow ( Supplementary Fig. S4 ), was also identified 24 by qRT-PCR in the examined genotypes ( Supplementary Fig. S3 ). Although the catalysing 25 enzyme and metabolite levels might not be directly proportional to the expression level of the 1 genes encoding the corresponding enzymes, we predict that the differential expression of 2 these genes might explain the observed changes in the active cytokinin levels. 3
The level of the growth promoting hormone, indole-3-acetic acid (IAA, C00954), was 4 significantly up-regulated in the Ch variety ( Fig. 6 ), while two IAA metabolites, indole-3-5 acetic acid-aspartate (IAA-Asp) and oxo-indole-3-acetic acid (OxIAA) were up-and 6 down-regulated in CS and CS(Ch5A), respectively ( Supplementary Table S8 ). Changes in the 7 pool of auxin metabolites were accompanied with the change of expression of two metabolic 8 genes. Down-regulation of an IAA-amino acid hydrolase (ILL5, WOC_09197) might be 9 related to the up-regulation of IAA-Asp in CS, while in the freezing-tolerant genotypes, 10 down-regulation of a indole-3-glycerol phosphate synthase gene (AT2G04400, WOC_01871) 11 was observed ( Supplementary Table S9 ). 12
Salicylic acid (SA, C00805) and jasmonic acid (JA, C08491), which affect diverse 13 growth, development and stress-response processes in plants [49, 50] , were regulated in the 14 opposite fashion in the freezing-sensitive CS variety, i.e. SA was up-while JA and jasmonic 15 acid-isoleucine (JA-Ile, 44123531) were down-regulated. In contrast, all three compounds 16
were down-regulated in both freezing-tolerant genotypes ( Fig. 6 and Supplementary Table  17 S8), suggesting that the SA-JA antagonism was absent in the freezing-tolerant genotypes, 18
which might contribute to their tolerant character. 19
More differentially regulated SA and JA biosynthetic genes were identified in Ch and 20 CS(Ch5A) than in CS ( Supplementary Table S9 ), suggesting that the modulation of 21 biosynthesis of the two hormones might be a tolerant genotype-specific response. However, 22
these genes displayed a mixture of various up-and down-regulation (Supplementary Table  23 S9), and, therefore, no sound correlation between hormone levels and gene expression could 24 be established. 25 16 
Genes in ABA signalling 1
The results described in section 3.2. indicated that the ratio of ABA and its metabolites 2 might be increased in response to cold-shock in each genotype. We postulated, therefore, that, Expression of the genes in ABA-signalling was tested by qRT-PCR. In 21 case out of the 20 36 gene/genotype combinations, the expression trend was the same for the array and 21 qRT-PCR; in eleven cases, where the microarray did not gave any result above the set 22 threshold, qRT-PCR revealed the expression and the two tests gave adverse result only in four 23 cases ( Supplementary Fig. S3 ). 24
System differences 25
The gene expression and hormone result described above revealed no major differences 1 between the freezing-sensitive and -tolerant genotypes, which responded similarly to 2 cold-shock by various, mixed and inconsistent expression of similar genes, gene-types or 3 member of gene families. Thus, it seemed that gene expression itself is not sufficient to typify 4 freezing-sensitive and -tolerant lines and no particular genes can be pinpointed to be 5 responsible for their phenotypes. This prompted us to examine our results at a higher, system 6 level, for which we used two approaches. 7
First, the Biological Process (BP) Gene Ontology (GO) category for the differentially 8 regulated genes was determined and an over-representation analysis (ORA) was performed. 9
Comparing the over-represented BP categories obtained for the genes expressed merely in 10 each genotypes, for the common genes between the tolerant genotypes and for the common 11 genes between the three genotypes ( Fig. 2) , revealed several categories that were either 12 specific for or common between the genotypes ( Supplementary Table S10 ). In good 13 agreement with and in support of the above proposed general phenomenon of ABA-dependent 14 signalling (section 3.3.), the "abscisic acid mediated signalling pathway" BP category was 15 over-represented amongst the differentially expressed genes that were common between the 16 freezing-sensitive and -tolerant genotypes ( Supplementary Table S10 ). Sugar-related BP 17 categories were over-represented in the freezing-tolerant Ch variety. BP categories related to 18 homeostasis was characteristic for each genotype in concordance with the 19 genotype-independent up-regulation of genes in the Redox functional group (Supplementary 20 Table S5 ). 21
Second, the known and predicted connections between the proteins encoded by the 22 differentially regulated genes ( Supplementary Table S2 ) and between the proteins and the 23 measured hormones were mined for in the STRING 10 and the STITCH 4.0 databases 24 [40, 41] , respectively. Since the annotation of T. aestivum genes and proteins in databases is 25 very incomplete, the A. thaliana orthologues of the proteins encoded by the differentially 1 regulated genes were used in the search. Of the 636 genes, 490 had an A. thaliana orthologue, 2 and of these 488 were found in the databases. Regarding hormones, only those 21 were used 3 as input, which have a compound ID ( Supplementary Table S7 ). The cumulative results 4 conferred 1555 interactions ( Supplementary Table S11 ), involving 422 proteins and nine 5 hormones ( Supplementary Table S12 ). 6
It is beyond the scope of this report to analyse all interactions in details, and therefore we 7 only highlight a few of them. PP2C-type phosphatases, PP2C32, PP2C50 and PP2C6, which 8 participate in ABA-dependent signalling (Fig. 5) , were amongst the ten top interacting 9 proteins with 41, 44 and 36 interactions, respectively (Supplementary Tables S11 and S12). 10 PP2C32 have interaction with proteins in the jasmonic acid (MYC2 and JAZ1) and ethylene 11 (ERF2) signal transduction pathways indicating the role of dephosphorylation in the signal 12 transduction of these two hormones and possible crosstalk between the ABA, JA and ethylene 13 signalling pathways. In addition to PP2C32, the MYC2 transcription factor, which was 14 considered as a "master regulator" [55], interacts with the JAZ1 and JAZ6 proteins of 15 jasmonate signalling (encoded by the TIFY10A, WOC_08182 and TIFY11B, WOC_14532 16 genes, respectively). Furthermore, MYC2 interacts with ERF2 (ERF2, WOC_08993) in 17 ethylene signalling and with WRKY70 (WRKY70, WOC_06485), which was allocated to 18 JA/SA crosstalk [56] . It was reported recently that ABA enhances the interaction between the 19 PYL6 ABA-receptor and MYC2, indicating a direct link between ABA and JA signalling 20
[57]. The PYL5 gene, which is homologous to PYL6 and participates in ABA signalling ( Fig.  21 5) was regulated by cold in all three genotypes and might also bind to MYC2 as PYL6 does. It 22 is worth to mention the presence of numerous connections between WRKY transcription 23 factors and proteins in hormone signal transduction pathways ( Supplementary Table S11 ), 24 which in very good agreement with the proposed interacting [58] and network-forming [59] 25 nature of WRKY factors in biotic and abiotic stresses [11, 60] . It is also interesting to note 1 that, in contrast to the usual up-regulation of WRKY factors by cold, five out of the six WRKY 2 genes were down-regulated in our system, which is, however, similar to that was observed in 3 rice [61]. 4
Interactions between proteins, of which genes were uniformly expressed in both 5 freezing-sensitive and -tolerant genotypes, formed a fundamental network (Supplementary 6 Fig. S5 ). Superimposing the genotype-specific interactions on that network revealed some 7 marked differences between the genotypes. In the freezing-sensitive CS variety, additional 8 interactions between Ca-signalling proteins and translation were observed (Supplementary 9 Fig. S5 ). In contrast, in the freezing-tolerant Ch variety numerous connections were observed 10 between receptor kinases and translation, between ABA-signalling and receptor 11 kinases/wall-associated receptor kinases, and connections between ABA-signalling and 12 translation are also appeared ( Supplementary Fig. S5 ). The visual appearance of line 13
CS(Ch5A)-specific interactions clearly seemed to be an intermediate between the CS and Ch 14
varieties ( Supplementary Fig. S5 ), which is in good agreement with its freezing-tolerance 15 degree fallen between CS and Ch. In this substitution line, less connections between receptor 16 kinases and translation were present than in Ch, but it had more interactions between 17 ABA-signalling and receptor kinases than either CS or Ch ( Supplementary Fig. S5 ). 18
Compared to the genotype-unspecific response, CS and Ch had additional connections 19 between the regulated genes and transcription and translation indicating the enhanced role of 20 both type of regulations in stress response, while in line CS(Ch5A) only translational 21 regulation seemed to be enhanced ( Supplementary Fig. S5 ). 22 24 20 In this report we described the effects of one day cold-shock on the transcriptome and 1 different phytohormones of freezing-sensitive and -tolerant wheat genotypes. Regarding 2 transcriptome changes, we have identified 636 differentially expressed genes in total using an 3 oligonucleotide-based microarray [28] , and revealed that 2.54%, 2.63% and 2.89% of the 4 genes on the array displayed more than 3-fold change after one day cold-shock in genotypes 5 CS, CS(Ch5A) and Ch, respectively. In similar studies, employing a cDNA-based wheat 6 microarray or the Affymetrix microarray platform, about 8 and 3% of the examined genes 7 responded, respectively [9, 11] . As far as we concern, the different microarray platforms and 8 genotypes used in those and our study should explain such moderate differences. 9
Discussion

General transcriptome changes in response to cold-shock
The cold-responsive genes identified in this study belonged to those broad functional 10 categories, such as defence, metabolisms, regulatory processes and a number of other 11 functions ( Fig. 3 and Supplemental Table S2 ) that were also reported in other similar studies 12 [9, 10, 11] . 13
ABA-related responses to cold-shock 14
ABA regulates a number of physiological and developmental processes in plants and it is 15 also considered as a major stress factor since abiotic stresses up-regulate its synthesis [62] . A 16 fine balance between ABA biosynthesis and metabolism is important for the accurate cellular 17 level of ABA and its metabolites [63] . Regarding this, we have found that ABA biosynthetic 18 genes were up-regulated in either all or in the freezing tolerant genotypes, which is in good 19 agreement with the observation that ABA biosynthesis genes are transcriptionally 20 up-regulated under abiotic stress [64] . On the other hand, the gene encoding the enzyme 21 catalysing the first step in ABA catabolism was down-regulated in each genotype. In parallel 22 with these altered genes expressions, we have observed the up-regulation of ABA by 23 cold-shock in every genotype, although the change was only significant in variety Ch. ABA 24 catabolites, however, were significantly down-regulated in all of the genotypes. Thus we 1 predicted that the ratio of ABA/ABA metabolites increased in each genotypes. 2 A number of our observations are in good agreement with the roles of ABA in cellular 3 physiology. One such role is the impact of ABA on photosynthesis/carbohydrate metabolism. 4
We have identified several up-regulated PP2C and a SnRK gene in the ABA signalling 5 pathway (Fig. 5) up-regulation of ABA in every genotype ( Fig. 4 and Supplementary Tables S6, S8 ). We have 12 also obserbed that the RuBisCO large and small subunit genes were down-regulated in the 13 tolerant genotypes ( Fig. 4 and Supplementary Table S6 ), which might be mediated via a 14 feedback regulatory mechanism by the RuBisCO protein, to which ABA binds and affects its 15 activity [68]. Along the downstream carbohydrate metabolic pathways (Fig. 4) , differential 16 gene expression might compensate the ABA-mediated down-regulation of photosynthesis to 17 ensure the appropriate level of compounds for the subsequent metabolic step. We predict that 18 the net outcome of this entire process (Fig. 4) can be an increased level of D-glucose in order 19 to maintain glucose homeostasis. This prediction is supported by a study [70] demonstrating 20 that the level of glucose was elevated by cold-stress in the freezing-tolerant CS(Ch5A) but not 21 in a freezing-sensitive CS genotype (line Ch was not examined in that study). The importance 22 of glucose homeostasis in cold-shock response is further supported by the result that 23 monosaccharide (glucose/hexose) metabolism-related BP categories were overrepresented 24 amongst the genes differentially expressed in variety Ch ( Supplementary Table S10 ). These 25 22 results indicate that the proposed interaction between sugar and ABA signalling [67] might 1 exist in wheat too. This process can be similar to Arabidopsis, in which the interaction of the 2 two signalling pathways resulted in stress-tolerance [71], although in wheat this might happen 3 by compensating the ABA-mediated down-regulation of photosynthesis via up-regulation of 4 glucose biosynthesis (Fig. 4) . We note here, that active cytokinins were down-regulated in 5 variety Ch, which is required to suppress growth in order to reallocate energy sources for 6 efficient defence [7, 8, 72] . 7
The ABA-PP2C/SnRK-mediated stomatal closure can mimic drought-stress [60]. This 8 together with down-regulated aquaporin genes (Fig. 5 ) that encode membrane proteins, which 9
are expressed under hormonal control and facilitate the transport of water [73], can result in a 10 net water deficit in the cold-shocked wheat genotypes, which then can promote 11 ABA-dependent signalling. Water deficit and ABA were described to up-regulate the 12 dehydration-defending LEA/dehydrins genes [74], and our results (section 3.1.1.) are in 13 agreement with this. 14
System differences between sensitive and tolerant genotypes 15
It is an intriguing question that what makes the difference between freezing-sensitive 16
and -tolerant wheat genotypes [11] , in particular in their response to cold-shock. Our 17 transcriptome and hormone results did not revealed much difference between them, and 18 therefore we investigated the genotypes as complex system using overrepresentation and 19 protein-network studies. Comparing the results of these analysis with the hormone and gene 20 expression results provided some insight into the nature of the different genotypes and here 21 we highlight these similarities and differences. 22
The hormone, gene expression and overrepresentation results indicated that 23 ABA-dependent signalling is important in cold-shock response in all genotypes. However, 24 examining gene expression in the protein interaction subnetwork comprised of the 25 1 every genotype the PYR1/PYL5 -PP2C6 -SAPK1 -LHY -CDF1 signalling route might be 2 utilised, while in the freezing-tolerant genotypes the 3 PYR1/PYL5 -PP2C50 -SAPK1 -MYB59 -E2FA/GATA4 route might be additionally 4 engaged too ( Supplementary Fig. S6 ). This suggested role of ABA-dependent signalling 5 pathway in cold shock response in wheat is in good agreement with the observation that 6 exogenous ABA increased freezing tolerance of wheat seedlings [72] . Crosstalk might occur 7 between ABA and JA/SA/ethylene signalling in cold-shocked wheat via the MYC2, 8 WRKY70, WRKY46 and WRKY11 proteins, which might act as a switch between hormone 9 signalling routes [55, 75, 76, 77] . 10
Despite of the complex gene expression patterns in the carbohydrate metabolic pathways 11 displayed by each genotype, glucose homeostasis might be more important in the highly 12 freezing-tolerant Ch variety as indicated by overrepresentation of glucose/hexose metabolism 13 BP categories amongst the genes specifically expressed in this genotype ( Supplementary  14   Table S10 ). Examining the line-specific over-represented BP terms, it seemed to be plausible 15 that maintaining homeostasis is important in every genotype, but in addition to that, in the 16 freezing-sensitive CS variety maintaining the structure of cellular components and ensuring 17 the progenies, while in the freezing-tolerant Ch and CS(Ch5A) genotypes the protection of 18 cellular biochemistry is preferred ( Supplementary Table S10 ) . 19 Similarly to another study [9] , our transcriptome analysis revealed that dozens of 20 different regulatory genes belonging to different functional families, such as Ca signalling, 21 kinases, post-translational protein modification, protein degradation, receptor kinases, 22 translational and transcriptional proteins and transcription factors, displayed complex 23 expression patterns in the genotypes. Inspection of the interactions between proteins encoded 24 by such regulatory genes that were expressed in a genotype-specific fashion, revealed that 25 24 certain differences between the information-flow in cold-signal perception and transduction of 1 the freezing-sensitive and -tolerant genotypes (Fig. 7) is plausible, which might be one reason 2 behind their distinct phenotypes. 3
Low and sub-zero temperatures make wheat production limited in many geographical 4 locations or can cause major damages and yield loss. Since our metrological data survey 5 showed, in spite of the generally considered global warming, that the number of days with 6 sub-zero temperatures were on the rise in the last 100 years ( Supplementary Fig. S7 The MapMan main bin name, the number and percentage of the genes are shown only for those 19 categories into which ten or more genes were annotated. 20 Genes are labelled by their UniProt gene names ( Supplementary Table S2 ). respectively. Cold-shock/control ratios are presented in Supplementary Table S8 . Asterisk 11 indicate statistically significant differences between cold-shock and control values (P < 0.05) 12 determined by Kruskal-Wallis test. 13 Table S1 . Primers used for qRT-PCR validation of selected genes. 9 Table S2 . Differentially expressed genes in wheat genotypes in response to one day cold-10 shock. 11 Table S3 . Common genes between genotypes CS(Ch5A) and Ch mapped on Chr 5. 12 Table S8 . Cold-shock/control ratio (log2 value) of hormones levels in wheat genotypes. 19 1 Green, hormones annotated to KEGG pathways; 2 KEGG (Cxxxxx) or PubChem compound 20 ID; 3 Yellow and blue, statistically significant up-or down-regulation, respectively; Grey, no 21 significant difference; Red, not detected. 22 Table S9 . Cold-responsive hormone metabolism genes. 23
Genes associated with ABA metabolism are in boldface. 24 Table S10 . Genotype-specific Biological Process GO terms for the differentially regulated 1 genes. 2   Table S11 . Connections between proteins encoded by differentially regulated genes. 3   Table S12 . Proteins with network connections. 4
